Nile tilapia (Oreochromis niloticus Linnaeus, 1758) belong to the second most cultivated 26 group of fish in the world, mainly because of its favorable characteristics for production. 27
Introduction 46
Nile tilapia (Oreochromis niloticus) is a teleost fish of the Cichlidae family and native to 47 Africa and the Middle East. The geographic range of the species extends from 8ºN to 32ºN 48 1,2 . The first record of domestication is dated around 3500 years ago as evidenced in 49 paintings at the Theban tombs in Egypt 3 . Nowadays, this species is the second most 50 cultivated group of aquaculture species in the world 4 . Favorable characteristics for 51 production include, but are not limited to, rapid growth, adaptability to different culture 52 conditions, tolerance to high densities, disease resistant, easy reproduction, and tolerance to 53 low concentrations of oxygen 5 . 54 55 Genetic improvement programs (GIPs) for Nile tilapia began in 1988 as a method to handle 56 the production decrease generated by introgressions with Mozambique tilapia 57 (Oreochromis mossambicus) 6,7 . Since then, nearly twenty GIPs have been established for 58 Nile tilapia around the world 8, 9 . GIPs aim to improve traits of commercial interest, such as 59 growth rate, disease resistance and cold and salinity tolerances 8 . The first Nile tilapia strain 60 created was GIFT (Genetic Improvement of Farmed Tilapia). GIFT was developed by the 61 ICLARM (International Centre for Living Aquatic Resources Management) now the 62 WorldFish Center, in collaboration with the Norwegian Institute of Aquaculture Research 63 (AKVAFORSK, now NOFIMA Marin) and other institutions 2 . GIFT is a success case for 64 the implementation of GIPs because growth rate in Nile tilapia has doubled in five 65 generations, showing that this species had a positive response to selection 2 . 66 67 Domestication is the process of constant evolutionary and genetic changes in response to 68 captivity 10 . Nile tilapia can be considered to have reached the level of true domestication 69 (level 5), according to the five categories of the domestication process, because selective 70 breeding programmes have focused on specific goals 11,12 . This process may have shaped 71 the genetic diversity of Nile tilapia, leaving signatures in their genomes that can be traced. 72 These signatures can: (i) exhibit increased allele frequencies in favorable adaptive 73 substitutions 13,14 , (ii) show strong linkage disequilibrium (LD) in areas surrounding the 74 signature, which decays downstream and upstream of this region 15 , and (iii) undergo loss 75 of genetic diversity (selective sweep) and the rate of "effective recombination" in the 76 genome of domestic species compared to the genomes of wild relatives 16 . 77 78 Selection signatures can be detected by scanning the genome of sampled individuals of a 79
given population to search for deviations in allele frequency spectrum (Tajima's D and Fay 80 and Wu's H scores), higher or lower population differentiation than under neutral 81 expectations (Fst value) or based on measures of LD (EHH, iHS, Rsb methods) (Vitti, 82 Grossman, and Sabeti 2013). The most suitable method to detect selection signatures 83 depends on the number of populations under study, temporal context scale, and type of 84 selection signatures 17, 18 . Thus, more than one approach is often required to capture any 85 signal in the genome 19 . For example, methods derived from EHH are used to detect recent 86 positive selection within-population (iHS) and between-populations (Rsb) 20 , whereas 87 methods based on Fst are expected to identify older selection events 21 between-populations 88 22 . 89 90 Several studies of selection signatures have been carried out in aquaculture species [23] [24] [25] [26] [27] . 91
Among tilapia and related species, there are only two studies on selection signatures; one in 92 cichlid fish 28 and another describing whole-genome selection signatures in tilapia 29 . The 93 purpose of the present study was to identify recent signatures of selection in three domestic 94 populations of Nile tilapia from Brazil (A strain) and Costa Rica (B and C strains). We used 95 whole-genome sequencing data and applied two statistical approaches to identify genomic 96 regions putatively under selection: (i) Integrated Haplotype Score, iHS and (ii) standardized 97 log-ratio of integrated EHH (iES) between pairs of populations (Rsb). Finally, the genes 98 under selection were associated to biological functions by performing an enrichment 99 analysis. For this purpose, we used Gene Ontology (GO) and Kyoto Encyclopedia of Genes 100 and Genomes (KEGG) pathways terms. 101 102 103 10, 13, 14, 15 and 18) ( Supplementary Table S2 -B). Finally, strain C showed 34 SNPs 140 surpassing the significance threshold, with 734 genes localized within the 1Mb window of 141 each marker in six different LG (2, 3, 9, 10, 13 and 15) ( Supplementary Table S2 Table S3 -C). 160 161 iHS and Rsb methods. As mentioned above strong candidate regions for selection were 162 defined as those genomic regions containing SNPs with values above the significance 163 threshold detected by both methods (Figure 3 ). For each strain we detected several 164 candidate genes subjected to selection within 1Mb windows containing SNPs surpassing 165 the significance threshold by both methods. For strain A we detected 16 genes localized in 166
LG 3 and 9. For strain B we detected 174 genes, localized in seven different LG (2, 3, 10, 167 13, 14,15 and 18). For strain C we detected 96 genes, localized in five different LG (2, 3, 9, 168 13 and 15). Four genes were detected by both methods across all strains (A, B and C): 169 ribonuclease inhibitor-like, BTN1A1, MOG and Ladderlectin localized in chromosome 3. 170
In addition, 57 genes were detected by both methods and shared across two strains from the 171 same geographical origin (B and C). In contrast, a lower number of genes were common 172 between strain A from Brazil and both strains B and C from Costa Rica (AB = eight genes, 173 AC = five genes). 174
Functional enrichment analysis 176
The results of enrichment analysis of the total signals of selection detected by both iHS and 177
Rsb methods are shown in Supplementary Table S4 . Finally, for strain C we detected 2139 proteins contained within the 1Mb windows of all 203
SNPs identified under selection. From these sequences, 1456 were functionally annotated 204 via BLAST (zebrafish) and 1400 genes were detected for DAVID software (Table 5; Figure  205 6; Supplementary Table S4-C). By using GO: we determined that 59% of the genes (n = 206 826) were classified within the category BP, with 34 enriched terms, of which 21 were 207 significant; 59.9% of the genes (n = 839) were classified within the category CC, with nine 208 enriched terms, of which four were significant; and 44.9% of the genes (n = 628) were 209 classified within the category MF, with 17 enriched terms, of which six were significant. 210
For category KEGG pathway we detected 22.9% of the genes (n = 320), with seven 211 enriched terms, of which four were significant. Other studies based on microsatellite data reported higher values for H e that ranged from 232 0.6 to 0.7 for the GIFT strain 4,32,33 . However, microsatellite markers typically exhibit a bias 233 towards highly polymorphic loci and rapid mutation rates 34 . A low genetic diversity is 234 expected in domesticated populations, like the ones analyzed in this study given that, unlike 235 their wild conspecifics, these populations can loss genetic diversity due to selective 236 breeding and absence of gene flow with other populations 35 reported N e values of 159, 128, 78 for strains A, B and C, respectively. These values are 251 expected as domesticated animals typically have values of N e <100 37 . Even though these 252 values of N e are small, they are enough to maintain inbreeding at acceptable rates and the 253 necessary levels of diversity in the long-term for breeding populations 38, 39 . 254 255
Signatures of selection 256
Our results suggest that domestication and selective breeding have caused important 257 changes in the genome of all the strains studied here. In all the analyses performed, 258 selection signatures were often linked to genes involved in growth, reproduction and 259 immune system, traits that are usually important for commercial purposes and subjected to 260 direct or inadvertent selection. 261
262
The number of signals of selection across the genome detected by the Rsb test was higher 263 than those detected by iHS in the three strains (Figure 3 signaling pathway, which in turn regulates the development and differentiation of multiple 282 tissues 44 . We also found two genes associated with the collagen family, COL6A2 and 283 COL25A1 gene. The first one have a role during the muscle development in zebrafish 45 . 284
The second one corresponds to a molecule that is required for the fusion of myoblasts into 285 myofibers 46 . We detected three genes (LARP7, MYO18A, and COPS6) associated with 286 growth which were previously identified in zebrafish. LARP7 gene was previously 287 associated with a critical role in cardiomyocyte proliferation and response to injury 47 . 288 MYO18A gene likely functions in the adhesion process that maintains the stable attachment 289 of myofibers to the extracellular matrix and muscle integrity during early development 48 . 290 COPS6 gene plays different roles in early embryonic development, including dorsoventral 291 patterning, convergent extension movement, and brain formation 49 . We found two genes 292 which were previously identified to be associated with growth in sheep: DIS3L2 gene was 293 associated with body weight and height 50,51 and RIN2 gene was associated with growth and 294 meat production 52 . 295
296
Regarding genes involved in immune response, we found molecules such as Ladderlectin, 297 BTN1A1, Mucin-2-Like, and Cadherin-1 (CDH1) among others. More specifically, the 298
Ladderlectin gene has been previously associated with an innate immune response 299 mechanism, which corresponds to plasma pattern recognition for bacterial, fungal and viral 300 hemorrhagic septicemia virus in rainbow trout 53 . The BTN1A1 gene was associated with 301 immune homeostasis as it participates in processes such as T cell selection, differentiation, 302 and cell fate determination 54 . The Mucin-2-Like gene was found to be up-regulated in 303 susceptible catfish challenged against Flavobacterium columnare 55 , bacterium which can 304 also replicate in tilapia mucus 56 . 305
306
We found the Borealin-2 gene, which likely plays an important role during oogenesis and 307 early embryogenesis in rainbow trout 57 . Finally, associated with the adaptation to 308 environmental stimulus, we also found the 60S Ribosomal Protein L34 gene (RPL34), 309 which has been found to be up-regulated in white muscle tissues following thermal stress in 310 bluefin tuna (Thunnus orientalis) 58 . 311 312
Functional enrichment analysis 313
Based on the functional enrichment analysis, it was possible to detect biological processes 314 that could be under the effect of domestication and directional selection in these strains of 315
Nile tilapia. Most of the GO and KEGG pathways terms detected were associated with 316 traits relevant in farmed populations. Therefore, here we focus on GO and KEGG pathways 317 terms that could be associated with the process of domestication and artificial selection 318
( Supplementary Table S4 ). These terms were associated with: growth (G), immune system 319 (I), reproduction (R), behavior (B) adaptation to the environment (A) and nervous system 320 (N). We detected 25 of 54 (Table 3) , 26 of 90 (Table 4 ) and 39 of 67 (Table 5) In this study we detected several genomic regions putatively underlying selection in three 365 farmed populations of Nile tilapia. These regions harbor interesting candidate genes, which 366 may be associated with the adaptive processes to captivity and traits of economic 367 importance which have been subjected to artificial directional selection. In addition, the 368 result of the enrichment analysis of all candidate genes identified was often linked to 369 production traits; most commonly to growth, accounting for the efficient genetic 370 improvement for growth-related traits in these three strains. Our results may be relevant for 371 a better understanding of genes underlying traits of interest in aquaculture and the effect of 372 domestication in the genome of Nile tilapia. 373 374 375
Methods 376

Fish samples 377
A total of 326 individuals of farmed Nile tilapia from three commercial strains cultivated in 378 two different countries of Latin America were included in this study (Table 1) To examine genetic structure among populations, we first performed a principal component 423 analysis (PCA) implemented PLINK v1.09 (Chang et al. 2015) . Second, to infer the 424 number of populations between strains we used the maximum likelihood analysis of 425 individual ancestries by ADMIXTURE software 76 . The number of ancestral populations 426 (K) was set from 1 to 10 and the optimal K was selected based on the lowest cross-427 validation error and a visual inspection of co-ancestry values. 428 429
Signatures of selection 430
We used two complementary methods to detect signatures of selection. Both methods are 431 based in extended haplotype homozygosity (EHH), that correspond to the probability that 432 two randomly chosen chromosomes carrying the core haplotype are identical by descent 433 77,78 . The first method is the intra-population standardized integrated haplotype score (iHS) 434 42 ; the second is the inter-population standardized log-ratio of integrated EHH (iES) 435 between pairs of populations (Rsb) 40 . Both methods were applied using REHH package 77 . 436 437 iHS compares EHH between alleles within one population, i.e. the area under the curve of 438 the derived and ancestral alleles 78 . This method requires the information of ancestral allele 439 identification for each SNP. We defined ancestral allele as the one with the highest 440 frequency 77 . Standardized iHS was defined as: 441
Where iHHa and iHHd corresponded to integrated EHH score for ancestral (A) and derived 444 
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